The transformer was used in conjunction with a Slug but the In Section II, we briefly review the properties of the Slug and describe a new configuration which achieves a lower circuit inductance.
Section III is concerned with the criterion for an "ideal" voltmeter, that is, a voltmeter which is limited by the Johnson noise developed in the circuit resistance. The concept of equivalent noise temperature is developed. Section IV describes a detailed theory of the superconducting transformer and Section V gives the experimental details and results. In Section VI, we discuss the implications of our results.
II. THE SLUG
The Slug consists of a bead of tin-lead solder a few mm. long 
III. THE VOLTAGE RESOLUTION OF IDEAL VOLTMETERS
A circuit in which a steady voltage is maintained by a current flow must contain a finite resistive element. In this discussion, a voltmeter is said to be "ideal" if its resolution is limited by the Johnson noise developed in this resistance. We develop a criterion which describes the performance of a galvanometer used as a voltmeter and which is applicable to both conventional and superconducting galvanometers.
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All low-frequency measurements with Josephson junction detectors ultimately depend on the modification of the critical current of the device by means of a magnetic field. If the field is generated by a current flowing in a superconducting wire, the detector may be used as a resistanceless galvanometer, as indicated in Fig. 2 . The critical current is determined by room-temperature electronic instrQmentation and we assume that in an integration time TG we can detect a current IG in the galvanometer. In the case of the open-circuit galvanometer, this resolution has a fundamental limitation set by the inherent noise in the Josephson junction itself. In practice, however, this limit appears to be set at a much higher level by either external noise pickup or noise at the input of the room-temperature amplifier connected to the junction. In an unshielded room, the pickup noise usually dominates whereas in a shielded room the amplifier noise is more important.
The galvanometer circuit (Fig. 2 ) contains a voltage source; a resistance, R, representing the total resistance in the circuit, and a stray inductance, 1 8 , which includes the inductance of the galvanometer.
The time-constant of the circuit is T = L 8 /R. All voltmeters which draw current in their operation may be characterized by the same parameters.
For non-superconducting instruments, the resistance of the voltmeter must be included in R.
Let us assume first that T >> T so that the total measurement We can rewrite Eq.
(1) in terms of a noise current, IN, as
The criterion for an ideal voltmeter is I~ ~ I~. We may therefore 
In practice, the time-constant TG of the Slug is usually a substantial fraction of a second and the circuit time~constant, T, may sometimes be of the same order. Under these circumstances, the effective time constant for the system becomes T + TG.
15 The Johnson noise current is then
The time-constant now has a lower limit of LG and_the noise bandwidth an upper limit of (4LG)-1 • As R is increased, there will be a value for which the Johnson noise current falls below IG so that the voltmeter is no longer ideal. If we set I~= I~ in Eq. (4), we can· establish a critical value of resistance, R (T), below which the voltmeter c is ideal and above which it is not:
as the working temperature T is lowered and becomes ( 5) We may summarize these results as follows. Suppose that we start with a low value of R, so that L >> LG' and that the voltmeter is ideal.
As we increase R, the Johnson noise current squared per unit bandwidth so that The voltmeter is no longer ideal.
A voltmeter may therefore be characterized by two parameters, an equivalent noise temperature, TG, and a critical resistance, Rc(T).
For working temperatures below TG, the voltmeter is never ideal and for temperatures above, it is ideal for resistances< R (T). In the case of an ideal transformer (k = 1), the current sensitivity referred to the primary will be Ip = IG/N and there will be no contributions to the inductance of the primary circuit from the primary coil. If we assume the galvanometer inductance to be 1 8 , an
inductance L = N 2 L s will be reflected. into the primary. However, the noise temperature k-1 LI 2 =k-lL I 2 p S G is the same as for the galvanometer alone.
I f we replace IG by IG/N in Eq. (5), we see that the critical resistance in the primary .circuit of the transformer-galvanometer
com ~na ~on lncreases as . In principle then, the resistance range of a superconducting galvanometer may be increased indefinitely by means of an ideally coupled transformer. In practice, of course, the coupling is not ideal and the range may be extended only by a finite amount. The following sections deal with the theory, design, and construction of a superconducting transformer.
IV. THEORY OF THE TRANSFORMER
The main objective of our transformer design is to make the coupling between primary and secondary as high as possible in order to maximize the current gain and at the same time minimize the primary -10-UCRL-20360
inductance. We now explore this problem in some detail.
In practice, the greatest problem in obtaining ideal coupling is the presence of the irregularly-shaped Slug in the secondary. We assu.'Tle that the stray inductance, LU, associated with the Slug is completely uncoupled from the primary. The remaining inductance, LC, in the secondary loop may be at least partially coupled to the :;,r:tmary. We assume that the transformer contains a mu-metal core to increase this coupling. We introduce the following parameters for the primary and secondary (see Fig. 2 ).
N-number of primary turns.
Ip -primary current.
Lp -primary inductance. LC -portion of secondary inductance which may be partially coupled to primary. -1u-uncoupled portion of secondary inductance (described above).
cf>c -Lc 1 s·
The following parameters depend on the geometry of the primary and secondary taken together:
M -mutual inductance of Lp and LC.
cf>pc -M Ip = kPC cf>c = portion of cf>c linking Lp in the absence of screening currents in the primary (kCP < 1).
~ -factor by which flux linking LC is amplified by the mu-metal core. (kCP << 1). Also, notice that a relationship exists between kPC and kCP' namely ( 6) The basic quantities of interest in transformer design are the amplification (7) and the effective primary inductance, LE., The effective primary inductance is proportional to the total flux ¢T which links the primary.
There are two contributions to ¢T. The first is the flux ¢p generated by Ip and the second is the flux generated by the response of the superconducting secondary and the core. ·Let us consider first the situation in which LU = 0.. In this case, screening currents in LC prohibit flux from linking the secondary or core. The effect of this -12-
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The effective inductance is therefore Lp(l-kCPkPC). On the other hand, if LU is non-zero, some flux is able to link LC and the core. However, the total flux in the secondary remains zero because the flux linking LC is exactly cancelled by that linking ~· The quantity of flux ¢ which now links LC and therefore partially links the primary may be found by solving the equations:
and (9) to obtain (10)
The effective inductance, LE, is given by (11) We determine the amplification A from Eqs. (6) - (9):
LEmay be written in terms of the independent para~eters A, LC' ~' ~. kCP' and kPC in the form:
Eq. (13) expresses the result that for a given value of A, the lowest Yalue of LE is achieved by making LU as small as possible and the coupling coefficients as near to unity as possible.
In the limit LU << fl LC, the current amplification becomes A = Nkcp· (14) In this limit the effective inductance may be wTitten from Eqs. (6), (11) , and (14) as (15) If LC >> LU, this result follows even for fl = 1 and there is little to be gained by using a high permeability core. However, if LC and LU are comparable, there is a distinct advantage to using a core.
We may summarize our conclusions by saying that for a given value of gain, the transformer should be designed to have the lowest value of primary inductance, Lp, the lowest value of stray inductance, LU, from the galvanometer, and the best possible coupling between primary and secondary. If the inductances LU and LC are comparable, there is a considerable advantage to using a high permeability core; if LC >> LU'
there is little advantage. and their separation on the same order.
In a slightly different design, the primary was wound over the secondary. The performance of the two types was similar. In a -15..,.
further configuration, the primary was wound as a multilayer coil about 4 I!h'll. long. Lastly, a transformer was. constructed in which the edges of the lead cylinder were not overlapped but separated by a gap of about 1 :rnm.
A permeable core consisting of 0.1 mm. mu-metal rolled into a rod could be inserted into a 7.5 mm. diameter hole in the teflon former.
Tne effective premeability of this core, that is the factor by which the inductance of the primary (in the absence of the secondary_) was increased, was about 15.
B. Measurement of Transformer Characteristics
The two important para:rneters of the transformer are its current gain and the effective inductance of the primary. 1
In principle, the measurement of the current gain is stra~ghtforward.
A small cUrrent (Ip) is introduced into the primary and a corresponding current (I~) fed into the niobium wire of the Slug so as to exas::tly cancel the effect of Ip. The ratio r 8 /Ip represents the amplification.
In practice, the current I 8 must be introduced at the tabs of the secondary so that the applied current divides, a fraction ]11/(].lLC + Lu)
actually flowing through the Slug. The measured current amplification is therefore higher than the true amplification. This difficulty was overcome by replacing the lead tabs on the lead cylinder with indium 17 tabs. The true period of the Slug was determined with the tabs in the nor:rnal state. The temperature was lowered so that the tabs became superconducting and the apparent period determined. This technique enabled the true gain of the transformer to be determined. In addition, the uncoupled inductance (LU) could be estimated from the relation Finally, we measured kPCkCP by winding a 500 turn superconducting coil on a hollow lead cylinder •rhose overlapping edges were soldered together. From the measured effective inductance of the primary, we deduced a value for kPCkCP of 0.94.
C. Performance of Transformers
The specification and performance of four transformers are summarized in Table I . The values of the primary inductance, Lp, were calculated rather than measured. The noise temperature for the transformer-Slug combination is k-lLE(IG/A) 2 , where LEis the effective primary inductance and IG/ A the current resolution in the primary circuit.
It is clear that transformer 1 had the highest performance.
Removal of the mu-metal core, as in transformer 2, increased the noise tempera- We turn now to the performance of our transformer as a voltmeter. 
